Articles you may be interested in Short range structure of B2O3-Cs2O glasses analyzed by xray diffraction and Raman spectroscopy J. Chem. Phys. 99, 6890 (1993) The structures and phase transitions ofN 2 0 were studied by powder x-ray diffraction in a tungsten-carbide anvil device from about 100 to 300 K and 2 to 12 GPa. Two solid phases, a-N 2 0 and {3-N2 0, were observed. The a pattern is consistent with the known low-pressure low-temperature ordered cubic form, space group Pa3, up to 4.8 GPa where transition to a new {3 solid occurs. From refinements using photographic x-ray intensities, the {3-N 20 structure was determined to be orthorhombic Cmca. There are four molecules in a unit cell with a = 4.954 A, b = 4.497 A, and e = 6.201 A at 5.81 GPa and 298 K. The molecular axes lie parallel to the be plane and are tipped at an angle of 37.2° to the b axis. Random head-to-tail orientation is probable in both solids. The phase diagram and values of the molar volume for N 2 0 are compared with published data for the isoelectronic molecule CO 2 , Recent theoretical calculations correctly predict the {3-N 20 structure.
INTRODUCTION
Nitrogen and carbon monoxide form an intriguing pair of diatomic molecules with almost identical charges and masses. Studies l ofN 2 and CO under pressure have yielded information about the way subtle differences in intermolecular forces can affect physical and chemical behavior. The addition of one oxygen atom to N2 and to CO produces another interesting pair of isoelectronic molecules, triatomic N 2 0 and CO 2 , Whereas carbon dioxide has been studied extensively at high pressure, there is a paucity of complementary data on nitrous oxide.
Infrared absorption spectra 2 show that N 2 0 is linear, but unlike CO 2 the molecule is asymmetric with the two nitrogen atoms adjacent. Nitrous oxide represents a classic example of a molecule that resonates between two valencebond structures with different bond distributions. 3
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Even though the resonance energy confers extra stability on the molecule, the oxygen atom is still so loosely bound that N 2 0 acts as a ready oxidizing agent, and supports combustion.
Resonance theory3 yields distances of 1.12 A for N-N and 1.19 A for N-O, the sum of which agrees exactly with the spectroscopic value 4 2.31 A. The opposed electric dipole moments of the two resonating structures tend to cancel each other, leading to a total moment very near zero.
5 Lacking a strong polarizing force, the molecules are randomly oriented end-for-end when they solidify in a cubic form6-11 at low pressure, and this randomness remains largely frozen in down to zero Kelvin where the entropyl2 approaches Rln2.
Cubic N 2 0 is ordered, however, in the sense that the molecular axes are aligned along the four cube diagonals. II This ordering is promoted by a sizeable electric quadrupole moment 5 in the molecules, which causes them to assume approximate T formations. Arguing by analogy with the behavior of CO 2 , which has the same molecular weight and a similar electronic distribution and quadrupole moment, Kuchta and Etters 13 calculated that N z 0 should undergo a phase transition from the known cubic form at low pressure to an orthorhombic form at high pressure. Raman scattering measurements l4 . 15 have already indicated a structure change of some sort in N2 0 around 5 GPa at room temperature. We note that, unlike some of the other oxides of nitrogen, N 2 0 is stable under pressure up to at least 14 GPa. 16
The present x-ray-diffraction study was carried out to explore the phase diagram of solid N 20 at high pressure and to compare the results with those for isoelectronic CO 2 ,
EXPERIMENT
Liquid N 2 0 with powdered NaF as a pressure indicator was loaded in a cylindrical hole in the center of a 2.5 mm diam Be gasket and clamped between tungsten carbide anvils. We used an indium-dam loading technique similar to that developed for diamond cells. l7 The N 2 0 sample was condensed at 0.35 MPa where the liquid range extends from about 185 to 205 K. Figure 1 shows the experimental setup. The lower anvil was constrained by tension rods while the upper one was driven by a hydraulic ram. A collimated beam of Cu Ka x rays was directed radially through the Be gasket and sample, and the diffracted radiation was recorded on film in a 114.6 mm diam powder camera, as shown in Fig. 1 .
Experiments were carried out both at room temperature and near 100 K. We cooled the sample by circulating liquid N z through channels in the platens supporting the carbide anvils. The temperature was measured and controlled by a copper-constantan thermocouple in contact with the edge of the Be gasket. In a separate experiment, the temperature difference between the center and edge of the gasket, when compressed between the anvils, was shown to be less than 1 K.
Cell pressures were deduced from x-ray-determined volumes of in situ powdered NaF. The P-V relation for NaF is known from shock-wave and ultrasonic data. 18 Relative volumes ofNaF as a function of pressure at 298 K are tabulated in an earlier paper I in which we discuss the conversion of these pressures to lower temperature values. Also in Ref. 1 the NaF shock-wave pressure scale is compared with the ruby-fluorescence scale commonly used in diamond cell . t 14 work, such as the Raman scatterIng measuremen s on N 2 0. To obtain the cleanest diffraction patterns possible at 298 K, some experiments were carried out with no NaF in the cell. Pressures in these runs were calculated from fits of N 2 0 molar volumes obtained in the presence of NaF.
Five series of x-ray-diffraction patterns were taken of N 2 ° at high pressures. The first series failed because N 2 ° was not properly loaded into the gasket. To promote loading in the second series, we increased the size of the sample hole from a right cylinder of250 f..lm to one of 500 f..lm. The N 2 0 was successfully loaded, but the large sample gave patterns that, although distinguishable, were too broad and diffuse for accurate measurement. The NaF that was mixed with the N 20' however, did yield good diffraction patterns from which accurate pressures could be computed. This series of runs was used to determine the phase regions in N 2 ° within the range of the apparatus, up to 12 GPa at room temperature.
For the third series of experiments, we returned to the smaller 250 f..lm sample size. Sixteen useful diffraction patterns were obtained at 298 K, and these x-ray films provide data for determining compression curves for N 2 0. The fourth series of diffraction pictures was taken at various densities without a pressure indicator in the sample. These relatively clean films were used for structure determinations of N 20' The fifth series was used to locate the phase boundary at low temperatures. Various pressures were set at 298 K after which the temperature was lowered and patterns were taken.
We observed x-ray powder diffraction patterns from two different structures for N2 ° over the range 100 to 300 K and 2 to 12 GPa. The lower pressure form, which had been named l4 N 2 0-1 and which we now designate a-N 2 0, was known6-11 to have a cubic structure with effective space group Pa3. The new, higher pressure form, formerly called 14 N 2 0-1I and here called {3-N2 0, is an orthorhombic structure. In Table I we show the room-temperature diffraction pattern from run 3-6 for a-N 2 Oat 4.81 GPa. Table II shows the room-temperature pattern from run 4-11 for {3-N2 ° at a molar volume corresponding to a pressure of 5.81 GPa. In Table III we list the pressure, structure, lattice parameters, and molar volume for our observations on N2 Oat 298 K.
DISCUSSION a-N 2 0 structure
The space group of a-N 2 ° at low pressure is known from x-ray, 6-9 electron,1O and neutron II diffraction studies to be Pa3. The four molecules in the unit cell are centered on lattice sites with each molecular axis aligned along a different cube diagonal. If the molecules were polarized with repeating head-to-tail orientation, the space group would be P2 1 3. There is, however, evidence from thermodynamic l2 and neutron diffraction II studies that the head-to-tail arrangement is largely random, which would lead to a Pa3 space group. In modeling a-N 2 0, we treated the molecule as a rigid body with one N atom at the center and a composite atom We used the ANIFAC program 19 to calculate the intensities shown in Table I . Agreement with the rather crude intensities read from the x-ray films is satisfactory. The intensity residual
is 20%, which corresponds to a residual in structure factor RF of about 10%. Our observations in Tables I and III, al- though not conclusive, are nevertheless consistent with a Pa3 space group for a-N 2 0 up to about 4.8 GPa where the a-{3 transition occurs at room temperature.
I3-N 2 0 structure
Each x-ray photograph of {3-N 20 exhibited a diffraction pattern that was clearly different from that for a-N 2 O. We compared the {3 pattern with Hull-Davy charts and were able to narrow the possible structures to orthorhombic, in accord with the theoretical prediction of Etters and Kuchta. 13 The diffraction lines of {3-N2 0 in Table II were indexed on the basis of an orthorhombic cell with a = 4.954 A, b = 4.497 A, and e = 6.201 A. Systematic extinctions were consistent with space groups Cmca and Aba2. The molecular volume of {3-N 20 under the experimental conditions was estimated to be 34.9 A 3 from an extrapolation of our a-N 2 0 x-ray volumes, neglecting any volume change on transition. This required that the orthorhombic unit cell contain four molecules.
We used Busing's20 WMIN program to orient the N 2 0 molecules, the potential parameters of which were taken from Mirsky.21 Again, the molecule was treated as a rigid body with a random end-for-end arrangement modeled as described previously for a-N 2 O. The molecule was centered at 0,0,0 with an arbitrary starting orientation in the be plane 74,2.81, 3.03, and 3.13 A and is our model 1. Table II gives the observed x-ray intensities for {3-N2 0 and those calculated using the ANIFAC program. 19 The intensity residual R/ for model 1 is 23%, which corresponds to RF= 12%. We consider this to be acceptable in view of the necessarily rough experimental intensities. Also shown in Table II are computed intensities for a model 2 in which all four of the molecules are parallel to the e axis. The agreement is poor and gives several instances where lealc = 0 for reflections that were clearly observed. Therefore, we dismiss model 2. Additional calculations using WMIN for space group Aba2 gave a solution identical to that for the centrosymmetric space group Cmca.
We calculated electron density contours for an isolated N z 0 molecule using a published z2 wave function. The contours out to 0.002 e -/bohr3, which encompass almost all of the electronic charge, are reproduced in Fig. 3 plaining phase transitions that occur at higher pressures. 24 . 25 In Fig. 4 we show how the molecules on the 200 face must be packed in {3-N2 0 near 6 GPa and room temperature. An undistorted free molecule would touch on about the 0.006 or 0.01 contour.
Phase diagram
In several of the x-ray photographs for N2 0, diffraction patterns showed coexisting a and {3 phases. Assuming that the corresponding P and Tvalues lie close to the a-{3 transition line, we have plotted these points in Fig. 5(a) showing distortion of free molecule from Fig. 3 . a solid line through them to represent the new phase boundary. It appears that the transition pressure is almost independent of temperature. The a-solid/fluid transition line for N 20 at high pressure was calculated from the melting point data of Clusius et al.,z6 measured to 0.025 GPa and expressed by them as a quadratic in P. We refitted their data within their experimental uncertainty to a Simon-type equation more suitable for extrapolation and obtained P= -0.40521 +0.35674XlO-6 T26786 GPa, (1) which is shown as the dashed curve in Fig. 5(a) . The roomtemperature freezing pressure is estimated to be 1.1 G Pa, but because of the gross extrapolation, this value should be used as a guide only. In Fig There is, however, considerable uncertainty about the solid phases of CO 2 , In chronological order, it was reported that low-pressure carbon dioxide solidifies into a cubic structure 30 with space group Pa3, which we here call a-C0 2 and which was shown by Raman spectra 31 • 32 to exist down to at least 15 K. Hanson and Jones 33 made infrared and Raman measurements on CO 2 at room temperature from the freezing pressure near 0.5 GPa up to 12 GPa, with no indication of a phase change. Using powder x-ray-diffraction at 296 K, Olinger 34 also found no structure change in CO 2 from 1 to 10 GPa. The solid remained cubic Pa3. Similarly, Krupskii et al. 35 found no change from Pa3 in their x-ray patterns down to 6 K at low pressure.
LiU,36 however, reported that his optical and powder xray studies at ambient temperature showed a new, and stillundetermined, CO 2 -II structure to be stable from the freezing point at 0.5 GPa up to 2.3 GPa and gave the tentative phase boundary shown as the dashed curve in Fig. 5 (b) . He subsequently reported 37 powder x-ray work that indicated CO 2 again takes on the Pa3 form from 2.3 to 50 GPa.
Hanson 38 found a dramatic change in the low-frequency Raman spectrum of solid CO 2 , which occurs in the region between 15 and 18 GPa at room temperature, and which he interpreted as a solid transition. Recently Olijnyk et al., 39 using Raman scattering, also found evidence that a structure change takes place in CO 2 between about 11 and 18 GPa over the temperature range 40-300 K. Moreover, from similarities in spectra, they proposed that the CO 2 -III highpressure phase may be identical to the high-pressure (J phase ofN 2 0, which forms at the much lower pressure of about 5 GPa and which we report here to be orthorhombic (Cmca). If a structure change to Cmca occurs in room-temperature CO 2 near 15 GPa, however, it should have been detected in LiU'S37 work. Evidence for a CO 2 -IV phase was also reported by Olijnyk et al. 39 Some of the uncertainty in the CO 2 measurements may have resulted from contaminants in the commercial "dry ice" samples or from air, H 2 0, and N 2 introduced during loading, although recent x-ray studies 40 on pure CO 2 , loaded as a liquid by indium-dam technique,17 have confirmed earlier results 34 using "dry ice." Also, solid CO 2 is known to be subject to large distortions caused by uniaxial stress. Clearly, more experiments are needed to establish unambiguously the phase diagram of solid CO 2 ,
Molar volumes
Molar volumes of N 2 0 at 298 K from Table III are plotted in Fig. 6 
,pp
The relationship between ,p, and ,pp is linear for solid N2 0 in our pressure regime. A linear least-squares fit to the volume data for a-N 2 0 from Literature values of molar volumes for CO 2 are also shown in Fig. 6 . The x-ray measurements made in a diamond cell by Liu, 37 shown as open squares, have been raised slightly in pressure to agree with the NaF scale. The maximum shift is about 3% at 10 GPa. 1 We see that there is excellent agreement with the earlier x-ray data ofOlinger 34 shown as the solid line. This line also represents theoretical calculations of CO 2 volumes by LeSar and Gordon 41 with a deviation of only 0.5%. There are, however, no published volume data that confirm the crystallographic transitions claimed for solid CO 2 , and indicated by arrows in Fig. 6 .
Theoretical predictions
From lattice energy calculations at 0 K, Etters and Kuchta 13 predicted a pressure-induced transition at 2.56 GPa from the known cubic a-N 2 0 (Pa3) to a new orthorhombic structure with space group Cmca. The unit cell dimensions were calculated to be a = 5.1 A, b = 4.5 A, and e = 6.6 A with the four molecules lying parallel to the be plane and tipped up from the b axis at an angle e = 45-50°.
The computed molar volume, 22.8 cm 3 /mol, is plotted as the closed diamond in Fig. 6 . Our measurements at room temperature are in excellent agreement with theory, giving the predicted space group Cmca with a = 5.0 A, b = 4.5 A, c = 6.2 A, e = 37.2°, and V = 21.4 cm 3 /mol. Only the computed transition pressure appears to be in serious conflict with experiment. As in the case l of N2 and CO, it is quite encouraging that theoretical calculations yield such accurate predictions.
It is of interest to compare the crystal structures of CO 2 and N 2 0 to those of another linear molecule, C 2 H 2 , which has a transition from the Pa3 structure to Cmca as the temperature is lowered to below 133 K at zero pressure. 42 Recent calculations 43 found that the energies of these structures are almost identical at zero pressure and temperature, but that pressure stabilizes Cmca relative to Pa3. It was also suggested that the phase line should be quite shallow with temperature and that only a modest pressure would be necessary to transform Pa3 to Cmca at room temperature. Both predictions were later verified experimentally,44 where the transition was observed at about 0.7 GPa. The calculations indicated that even though it has long been suggested that the Pa3 structure is favored for molecules with large quadrupole moments, the total electrostatic energies for the two crystal structures are almost identical. Indeed, it was found that the Cmca structure is actually stabilized by the longrange van der Waals energy. Cmca is favored at higher pressure largely because it has a smaller volume, which minimizes the PV term in the Gibbs free energy. Thus, given the similarities between the molecules (relatively long, linear molecules with large electrostatic moments), it should, per-haps, not surprise us that both N 20 and CO 2 seem to follow the same pattern of Pa3 at low pressures and Cmca at high pressures with a very flat transition line.
In a companion paper immediately following the present publication, Kuchta and Etters 13 have refined their theoretical calculations of the structures and transitions ofN2 O. The agreement with experiment is even more impressive.
